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Introduction {#sec1}
============

Lignocellulosic biomass represents the most abundant feedstock for renewable materials. In particular, as the second most abundant biopolymer from plant, lignin has been extensively sought after as a precursor for renewable products and materials ([@bib30]). Traditional research has focused extensively on how biomass characteristics influence its processability for cellulosic ethanol as biofuels ([@bib4]; [@bib26]; [@bib32]; [@bib33]; [@bib36]; [@bib39]) and pulping ([@bib12]; [@bib14]; [@bib29]; [@bib37]). However, the recent development revealed that it is essential to derive high-value products out of biomass to enable the biorefinery sustainability and economics. In particular, lignin valorization represents one of the most significant challenges in modern biorefinery ([@bib30]; [@bib35]). Despite the significance, few researches have focused on how biomass characteristics in feedstock could define the properties of lignin-based carbon materials. In particular, no research has systemically evaluated how different cultivars, lines, and growth environments could impact on lignocellulosic biomass characteristics, which in turn influence the performance of the resultant lignin-based carbon materials.

Despite the imminent needs, the traditional understanding for the impact of biomass characteristics on pretreatment and hydrolysis does not inform the capacity for lignin-based carbon material. In particular, previous studies showed that reducing lignin content improved biomass conversion ([@bib4]; [@bib32]), yet how lignin content, composition, or other characteristics could define the properties of lignin-derived carbon materials is still unknown. There is an urgent need to understand how biomass characteristics impact on the production of lignin-based materials such as carbon fiber (CF), a high-value material with broad applications in the sporting equipment, automotive, wind turbine, and aerospace industries ([@bib20], [@bib18]; [@bib34]). Currently, most carbon fibers are made of a petroleum-derived polyacrylonitrile (PAN) polymer, which accounts for more than half of carbon fiber total cost ([@bib1]; [@bib24]). Lignin as the by-product of the cellulosic bioethanol production and pulping mills has high carbon content and plentiful aromatic moieties, representing a promising alternative for PAN for cost-effective carbon fiber production ([Figure 1](#fig1){ref-type="fig"}).([@bib19]) Thereby, the fundamental understanding of the relationship between biomass characteristics and lignin material properties will transform the feedstock development for designing the plant cell wall structure to manufacture quality carbon materials and to enable next-generation integrated biorefinery toward sustainability and cost-effectiveness.Figure 1Concept of Valorizing Lignin from Sorghum as an Alternative Precursor of Polyacrylonitrile to Make Carbon Fiber

Despite the significance, current research has rendered limited information to guide the design of plant cell wall structure for enhancing the properties of lignin-based carbon materials. On one side, the current research has primarily focused on the optimization of material manufacturing processes and biorefinery designs ([@bib19], [@bib20], [@bib18]; [@bib13]), whereas few have studied the impact of feedstock. On the other side, it remains unclear what feedstock characteristics could impact the properties of lignin-based carbon materials. Despite various speculations, the well-defined fundamental understandings on structure-property relationship is crucial in guiding the future feedstock design, which has great potential to promote the development of advanced material manufacturing. Similar concept has been established for engineering lignin biosynthesis to improve cellulosic materials. For example, regulating ferulate 5-hydroxylase (F5H) and caffeic acid *O*-methyltransferase (COMT) has enabled the biosynthesis of hardwood lignin with high content of chemically liable *β*-*O*-4 linkage into a structure similar to softwood lignin ([@bib37]). Such modification has led to improved cellulosic fiber quality, which concurrently facilitated the delignification in the pulping process and enhanced the fiber quality. Likewise, the chemical features of polymer precursors in biomass feedstocks are likely to define the properties of resultant materials. This fundamental structure-property relationship between lignin chemical characteristics and carbon fiber properties was also evidenced by previous studies of manufacturing processes, where molecular weight, uniformity, linkage profile, and functional group all can potentially impact on carbon fiber properties ([@bib2]; [@bib7]; [@bib19], [@bib20], [@bib18], [@bib17]; [@bib40]). Despite the manufacturing process studies, it is still not clear if these chemical features can be achieved through feedstock improvement and how these chemical features are different in different feedstock cultivars, engineered lines, and growth conditions. Understanding these fundamental questions will help to improve feedstock through breeding, genetic engineering, and growth optimizations to achieve the precursor chemistry for making quality carbon materials from lignocellulosic biomass.

In this study, we have compared the biomass characteristics from different sorghum sessions and identified the chemical features from feedstock defining the carbon fiber properties. The study highlighted that crucial biomass characteristics from traditional studies did not impact carbon material properties. Instead, the study identified new feedstock chemical features essential for carbon fiber properties, paving the path for feedstock improvement to enhance carbon material manufacturing.

Results {#sec2}
=======

We hereby aimed to address these fundamental questions by systemically investigating the performance of carbon fibers derived from biomass with diverse characteristics. In particular, we have systemically analyzed molecular weight, polydispersity, content, composition, and linkage profiles of lignin from four different sorghum (*Sorghum bicolor* (L.) Moench) genotypes (R.09072, R.09084, R.09093, R.09098). These four genotypes were selected from 2,067 different sorghum variants according to their biomass compositions as characterized by near-infrared (NIR) spectroscopy ([@bib11]). These sorghum samples were harvested from 60 days after planting in College Station, Texas. As shown in [Figure 2](#fig2){ref-type="fig"}A, sorghum with diverse lignin content distributions but similar cellulose and xylan content distributions was selected. With a focus on lignin, sorghum with high or low cellulose content ([Figures 2](#fig2){ref-type="fig"}A1 and [S1](#mmc1){ref-type="supplementary-material"}, [Table S1](#mmc1){ref-type="supplementary-material"}) and high or low xylan content ([Figures 2](#fig2){ref-type="fig"}A2 and [S1](#mmc1){ref-type="supplementary-material"}, [Table S1](#mmc1){ref-type="supplementary-material"}) has been excluded. Eight representative sorghum samples were collected from the aforementioned four variants, planting in two different environments ([Figure S2](#mmc1){ref-type="supplementary-material"}). These samples exhibited a wide range of lignin content, including low normalized lignin content (\<0.3, sorghum 102 and 203), moderate normalized lignin content (0.5--0.9, sorghum 101, 104, 201, and 206), and high normalized lignin content (\>0.9, sorghum 103 and 205) based on NIR analysis ([Figures 2](#fig2){ref-type="fig"}A2 and [S1](#mmc1){ref-type="supplementary-material"}, [Table S1](#mmc1){ref-type="supplementary-material"}). The combination of genotypes and growth conditions (as shown in [Figure S2](#mmc1){ref-type="supplementary-material"}) rendered these eight selected sorghum samples with a diverse range of biomass characteristics, which allowed us to build models to best identify the key biomass properties defining renewable carbon fiber performance ([@bib11]). Lignin was extracted by an organosolv pretreatment from these eight sorghum feedstock samples first, and the molecular weight and molecular uniformity (indicated by polydispersity index, PDI) of the extracted lignin were then characterized using size-exclusion chromatography (SEC). As shown in [Figures 2](#fig2){ref-type="fig"}B1 and 2B2, lignin molecular weight (Mn) decreased in the order: sorghum 103 \> sorghum 201 \> sorghum 203 \> sorghum 104 \> sorghum 102 \> sorghum 205 \> sorghum 101 \> sorghum 206, whereas lignin molecular uniformity decreased in the order: sorghum 101 \> sorghum 104 \> sorghum 102 \> sorghum 201 \> sorghum 103 \> sorghum 203 \> sorghum 205 \> sorghum 206 (smaller PDI means higher uniformity). In addition, the interunitary linkages and composition of lignin from these eight sorghum feedstock were analyzed using 2D HSQC NMR and the linkage profiles of uncondensed *β*-*O*-4, condensed *β*-5, and condensed *β*-*β* were calculated based on 100 aromatic rings of syringyl (S), guaiacyl (G), and *ρ*-hydroxyphenyl (H) units (see the assignments of the linkages and units in [Table S2](#mmc1){ref-type="supplementary-material"}). The frequencies of *β*-*O*-4, *β*-5, and *β*-*β* linkages were 17.2%--24.4%, 10.1%--11.8%, and 2.2%--4.2%, respectively ([Figures 2](#fig2){ref-type="fig"}B3 and [S3](#mmc1){ref-type="supplementary-material"}). The S/G ratio of lignin ranged from 0.385 (sorghum 101) to 0.542 (sorghum 102 and 203) ([Figures 2](#fig2){ref-type="fig"}B3 and [S4](#mmc1){ref-type="supplementary-material"}). In terms of lignin content, these sorghum feedstocks ranged from 21.2% (sorghum 203) to 23.0% (sorghum 102) ([Figure 2](#fig2){ref-type="fig"}B4 and [Table S3](#mmc1){ref-type="supplementary-material"}). Considering the diverse range of lignin characteristics, lignin from these eight sorghum feedstock samples could serve as perfect model precursors to elucidate how biomass characteristics will impact on the performance of the resultant carbon fibers. Such study will open up the path to select plant cultivar, design biomass feedstock, and define growth conditions to derive cell wall structures for manufacturing high-quality carbon fiber.Figure 2Lignocellulosic Feedstock Selection, Biomass Characteristics of Lignin Features, and the Fabrication of Lignin-based Carbon FibersSelection of variant sorghum samples in this research according to lignin content distribution (A), where A-1 and A-2 show the lignin content versus cellulose and xylan, respectively. In (A), the selected eight sorghum samples are highlighted as the magnified red dots, other samples with high or low compositions (cellulose, xylan, and lignin) are magenta dots, whereas most sorghum samples located in the most frequent distribution are blue dots. Moreover, the inserted orange (in A1 and A2), blue (in A1), and green lines (in A2) indicate the thresholds of high and low lignin, cellulose, and xylan distributions, respectively, which are defined as the possibility of the composition distribution as shown in [Figure S1](#mmc1){ref-type="supplementary-material"} and [Table S1](#mmc1){ref-type="supplementary-material"}. The regions highlighted in magenta, yellow, and cyan are sorghums with moderate cellulose and xylan content but with high, moderate, and low lignin contents, respectively. Chemical characterizations of the extracted sorghum lignin are in (B), where B1--B4 are molecular weight, polydispersity index (PDI), lignin linkage and S/G ratios, and lignin content, respectively. The fabrication process of lignin carbon fiber is in (C), and the (D) displays the wet-spinning setup for lignin fiber formation. (E) and (F) show a representative as-spun precursor fiber roll and the SEM images of the cross sections of the resultant carbon fibers, respectively. All scale bars in (F) are 17 μm.

Lignin-based carbon fiber was manufactured using a customized wet-spinning facility as shown in [Figure 2](#fig2){ref-type="fig"}D. Wet spinning has been widely used in carbon fiber industry and is feasible for all types of lignin, especially the infusible lignin with more condensed structures. These types of lignin would require structural modification to enable melt spinning ([@bib5]). To prepare spinning dopes, lignin powders were mixed with PAN polymers (50%:50%, w/w) and dissolved in *N*,*N*-dimethylformamide (DMF) ([Figure 2](#fig2){ref-type="fig"}C). With current technologies, the replacement of lignin at higher percentage (more than half) significantly decreased the spinnability of the dopes, resulting in non-continuous spinning and uneven fibers. Since more than 50% of total cost of the PAN-based carbon fiber lies in its PAN precursor ([@bib1]), a replacement of 50% of PAN by the waste lignin polymer could significantly reduce the cost of traditional carbon fiber industry, while achieving acceptable properties for broad applications. The as-spun precursor fibers, as shown in [Figure 2](#fig2){ref-type="fig"}E, were then thermostabilized at 250°C and carbonized at 1,000°C to prepare carbon fibers ([Figure 2](#fig2){ref-type="fig"}C). Scanning electron microscopy (SEM) analysis revealed the morphologies and structures of the resultant lignin-based carbon fibers along the fibers and on the fiber cross sections. As shown in [Figures 2](#fig2){ref-type="fig"}F and [S6](#mmc1){ref-type="supplementary-material"}, all carbon fibers displayed flat-layer-like transverse textures similar to commercial pitch-based carbon fibers ([@bib31]; [@bib9]), although several defects of irregular debris and pores were found on carbon fiber cross sections. These porous structures have been significantly reduced by process optimization, including carefully degassing of spinning dopes by sonication, well controlling wet spinning process, and carefully controlling the coagulation bath temperature and concentration. The mechanical performance of a single carbon fiber was subsequently measured to determine the relationship between different biomass characteristics and carbon fiber performances (see a typical stress-strain curve in [Figure S7](#mmc1){ref-type="supplementary-material"}).

Surprisingly, significant differences were found in the mechanical performances of the resultant carbon fiber, in terms of tensile strength, modulus of elastics (MOE), and elongation ([Figures 3](#fig3){ref-type="fig"}A--3C). For the carbon fibers made of lignin from sorghum 101, 104, and 201, the tensile strength varied from 339 to 380 MPa, MOE was 32.6--37.8 GPa, and the elongation was 1.18%--1.20%. These data were higher than that of sorghum 102 and 103, for which the tensile strength was 283 and 272 MPa, MOE was 30.4 and 30.0 GPa, and elongation was 1.06% and 1.05%, respectively. The mechanical properties of all aforementioned carbon fibers were better than the third group of sorghum 203, 205, and 206, for which the tensile strength was 178--228 MPa, MOE was 24.4--28.3 GPa, and elongation was 0.88%--0.92%, respectively. The results were out of expectation, in that the lignin derived from the same sorghum species could be used to manufacture carbon fibers with significantly different performance (comparing sorghum 101 and 206, sorghum 102 and 203, sorghum 103 and 205, and sorghum 104 and 201). Therefore, feedstock selection, development, and growth condition should be important considerations for manufacturing quality materials from biomass. The impact of feedstock characteristics on carbon fiber performance has not been considered in previous studies. More importantly, the results highlighted the essential fundamental questions regarding how biomass characteristics could impact the properties of the lignin-derived materials.Figure 3The Mechanical Properties of Lignin-based Carbon Fibers and their Correlation Relationships with Biomass CharacteristicsThe mechanical performances of tensile strength (A), modulus of elasticity (MOE, B) and elongation (C) of carbon fibers made of lignin derived from eight sorghum samples with diverse biomass characteristics. Scatterplots show the relationships between each mechanical performance and lignin molecular uniformity (PDI), molecular weight, lignin content, and S/G ratio, as displayed in (D)--(G), respectively. PDI, Mn, lignin content, and S/G ratio are shown as a function of tensile strength (1), MOE (2), and elongation (3), respectively. The error bars in (A)--(C) are calculated based on 25 different carbon fibers.

In order to decipher the fundamental relationship between biomass characteristics and carbon fiber properties, we carried out comprehensive linear regression analysis of various lignin features versus carbon fiber performances to elucidate the underlying mechanisms controlling carbon fiber quality. The key features of biomass characteristics including lignin content, composition (S/G ratio), molecular weight, and molecular uniformity were used as independent variables to perform the linear regression with carbon fiber tensile strength, MOE, and elongation as dependent variables, respectively ([Figures 3](#fig3){ref-type="fig"}D--3G). Even though lignin content has been previously shown to define the saccharification efficiency and ethanol yield ([@bib4]), we found that lignin content was not correlated to carbon fiber tensile strength and MOE ([Figures 3](#fig3){ref-type="fig"}F1 and 3F2). This is in contrast to the original hypothesis that lignin content and composition could play an important role in the properties of renewable carbon fiber. Although lignin content had correlation with elongation weakly (*P* \< 0.05), the correlation determinations (R^2^) was as low as 0.566 ([Figure 3](#fig3){ref-type="fig"}F3). These data indicated that lignin content might not significantly impact on the carbon fiber performance as it does for biomass conversion. More interestingly, neither lignin composition ([Figure 3](#fig3){ref-type="fig"}G) nor molecular weight ([Figure 3](#fig3){ref-type="fig"}E) impacted on the carbon fiber mechanical performance, too. Nevertheless, significant correlations were found between lignin molecular uniformity and carbon fiber mechanical performance. As shown in [Figure 2](#fig2){ref-type="fig"}B2, sorghum 101, 104, and 201 (PDI 3.28--3.84) had lower PDI than both sorghum 102 (3.85) and 103 (3.90) and had much lower PDI than sorghum 203, 205, and 206 (4.25--4.63), suggesting more uniform lignin polymers (smaller PDI) in these sorghum samples. These sorghum samples (101, 104, and 201) all had much improved mechanical performances of the lignin-based carbon fibers ([Figures 3](#fig3){ref-type="fig"}A--3C). In fact, linear regression analysis showed strong negative correlations between lignin PDI and carbon fiber mechanical performances. As shown in [Figure 3](#fig3){ref-type="fig"}D, we found linear correlations between PDI and tensile strength (R^2^ = 0.924, *P* \< 0.001), MOE (R^2^ = 0.927, *P* \< 0.001), and elongation (R^2^ = 0.740, *P* \< 0.05). The results thus highlighted that biomass characteristics have an impact on the mechanical performance of the resultant carbon fiber. Unlike the processability of lignocellulosic biomass impacted by the lignin content and S/G ratio ([@bib4]; [@bib32]; [@bib37]), the results highlighted that more uniform lignin in feedstock could significantly enhance the mechanical performances of the resultant lignin-based carbon fibers. Overall, the results highlighted three aspects of finding: (1) biomass characteristics impact lignin-derived carbon fiber performance; (2) lignin uniformity, instead of molecular weight, content, and composition, defines the carbon fiber properties; (3) there are huge variations in lignin molecular uniformity even within the same feedstock species.

The performances of carbon fibers are directly related to their crystallite microstructure, in particular, the content and size of pre-graphitic turbostratic carbon ([@bib10]; [@bib20]). Such microstructure comprised more- or less-bent crystallite layers with sp^2^-hybridized carbon atoms in carbon fiber ([@bib10]). In order to understand the fundamental mechanisms of how lignin characteristics in sorghum biomass define carbon fiber performances, the microstructures of the resultant lignin-based carbon fibers were analyzed using both XRD and Raman spectroscopy. First, the crystallite size (*L*~*hkl*~) and the distances between interfacial crystallite layers (*d*~*hkl*~) were calculated from XRD diffractograms ([Figure S8](#mmc1){ref-type="supplementary-material"}) using Scherrer\'s equation and Bragg\'s law, respectively. As shown in [Figures 4](#fig4){ref-type="fig"}A1 and 4A2, *L*~*hkl*~ varied from 1.016 nm (sorghum 205) to 1.252 nm (sorghum 101) and the *d*~*hkl*~ was in the range of 0.366 nm (sorghum 206) to 0.356 nm (sorghum 101). Second, the ratios of the graphite (G) band and disordered (D) band (G/D ratios) in carbon fibers were characterized by Raman spectroscopy ([Figure S9](#mmc1){ref-type="supplementary-material"}), which had the highest value of 0.42 for sorghum 101 and the lowest value of 0.30 for sorghum 206 ([Figure 4](#fig4){ref-type="fig"}A3). All these data of carbon fiber microstructures were then fitted with PDI, molecular weight, lignin content, and S/G ratios into linear regression to define their relationships. Significant correlations between the microstructures (*L*~*hkl*~, *d*~*hkl*~ and G/D ratio) and PDI were discovered ([Figures 4](#fig4){ref-type="fig"}B1--B3). However, these microstructure characteristics did not correlate with the molecular weight ([Figure 4](#fig4){ref-type="fig"}C), lignin content ([Figure 4](#fig4){ref-type="fig"}D), or lignin S/G ratio ([Figure 4](#fig4){ref-type="fig"}E). The results were consistent with the correlations between mechanical performances and lignin features as displayed in [Figures 3](#fig3){ref-type="fig"}D--3G. Thus, the molecular uniformity of lignin polymer in sorghum defined the microstructures and the carbon fiber mechanical performances, whereas biomass characteristics such as lignin molecular weight, lignin content, and S/G ratio may not be main factors affecting the microstructures and the mechanical performance of the carbon fibers.Figure 4Microstructures in Lignin Carbon Fiber and Their Relationships with Lignin Molecular Uniformity, Molecular Weight, Content, and S/G Ratio as well as the Mechanical Performance of the Resultant Carbon FibersA1 and A2 in (A), *L*~*hkl*~ and *d*~*hkl*~ calculated from XRD; A3, G/D ratio measured by Raman spectroscopy. (B)--(E) Relationship between microstructures (*L*~*hkl*~, *d*~*hkl*~, and G/D ratio) and PDI, Mn, lignin content, and S/G ratio, respectively. (F)--(H) Relationship between *L*~*hkl*~, *d*~*hkl*~, and G/D ratio and mechanical performances (tensile strength, MOE, and elongation), respectively. Blue circles, *L*~*hkl*~; magenta squares, *d*~*hkl*~; dark cyan triangles, G/D ratio. The error bars are calculated from three trials.

To further determine the impacts of each microstructure characteristics such as *L*~*hkl*~, *d*~*hkl*~, and G/D ratio on the mechanic performances of lignin-based carbon fibers, linear regressions were fitted for tensile strength, MOE, and elongation against these characteristics. In fact, all microstructure characteristics of *L*~*hkl*~, *d*~*hkl*~, and G/D ratio had significant linear correlations with mechanical performance properties ([Figures 4](#fig4){ref-type="fig"}F--4H), indicating that crystallite size (*L*~*hkl*~), crystallite content (G/D ratio), and the distances between crystallite layers (*d*~*hkl*~) all impact on the carbon fiber performances. Moreover, when these correlation relationships were compared, the correlation determinations (R^2^) of G/D ratio versus tensile strength (R^2^ = 0.897), MOE (R^2^ = 0.943), and elongation (R^2^ = 0.788) were much larger than those of both *L*~*hkl*~ versus tensile strength (R^2^ = 0.738), MOE (R^2^ = 0.706), and elongation (R^2^ = 0.613) and *d*~*hkl*~ versus tensile strength (R^2^ = 0.615), MOE (R^2^ = 0.678), and elongation (R^2^ = 0.487), respectively. Therefore, as compared with the crystallite size and the distance between crystallite layers, the crystallite content may be a stronger determinant for the properties of lignin-based carbon fibers. The lignin characteristics enabling more microstructures with larger size and smaller distance between crystallite layers thus would help to further enhance the mechanical performance of current lignin-based carbon fibers.

Discussion {#sec3}
==========

Overall, we hereby identified a largely overlooked biomass characteristics, lignin molecular uniformity, as the key determinant for the mechanical properties of biomass-derived carbon fiber. The underlying mechanisms indicated that more uniform lignin from biomass feedstock will improve carbon fiber microstructures, particularly, the content of crystallite in carbon fibers along with the size and inter-layer distance. The identification of lignin uniformity as a key biomass characteristic represents a completely new perspective, as traditional biomass research has been focused on tailoring lignin content and composition toward improved saccharification efficiency. Nevertheless, considering that it is essential to develop high-value products like carbon fiber from biomass, such new perspective will have profound impact on renewable energy and materials. First, from feedstock development and plant biology perspective, extensive efforts have been put into studying the molecular and biochemical mechanisms regulating plant lignin biosynthesis to achieve optimal content and composition during the past decades ([@bib4]; [@bib12]; [@bib21]; [@bib29]; [@bib37]). These researches have significantly advanced our understanding on monolignol biosynthesis and developed various feedstock with improved biomass conversion. However, the field largely ignored the scientific questions underlying the development of high-value products, although high-value products could be essential for biorefinery sustainability and cost-effectiveness ([@bib28]; [@bib30]; [@bib35]). Unlike lignin content and composition determined largely by monolignol biosynthesis, lignin uniformity within feedstock could be controlled by more complicated factors that are still much less understood by the scientific community. It is speculated that the monomer type could impact lignin structural uniformity, since the polymerization patterns could be reformed by manipulating monolignols. For example, lignin derived from caffeoyl alcohol has been proved to possess a uniform benzodioxane structure ([@bib22]). Recent studies indicated that extracellular plant laccase could involve in lignin polymerization ([@bib41]), yet their roles in controlling lignin uniformity are still unknown. We therefore need to explore what enzymes and regulators determine the lignin uniformity, which is a very new direction for plant biology and feedstock development.

Second, from lignocellulosic biorefinery perspective, biorefinery might not achieve economic feasibility and overall sustainability unless various value-added products are developed ([@bib25]; [@bib35]). Lignin products, in particular, carbon materials, have been explored as key options to address the biorefinery challenges ([@bib30]; [@bib35]; [@bib38]). Previously, research also highlighted that lignin uniformity could be changed during biomass deconstruction and lignin processing ([@bib3]; [@bib15]). Our recent advancements in lignin fractionation have shown the potential to improve lignin molecular uniformity by new biorefinery procedures ([@bib19], [@bib20], [@bib18]). Additionally, lignin out of different processing generally has variant functional groups and molecular weight, all of which altered the thermal behavior of the resultant lignin fiber ([@bib7]). Traditional biorefinery configurations thus need to be tailored to produce a lignin stream with better uniformity, if high-value carbon materials like carbon fiber needs to be produced as value-added products. Eventually, the new feedstock development and process design strategies will together provide a holistic approach to improve lignin uniformity and control polymer chemistry for manufacturing high-value materials from biorefinery waste.

Third, from the renewable materials perspective, the new finding opened up the new avenues to use lignin by-products from both pulping and paper industry and biorefinery to produce high-value carbon materials. It is possible that feedstock with new cell wall structure could be developed to enable such by-product utilization. Fractionation and other processing technologies could also be developed to deliver more uniform lignin for versatile carbon materials ([@bib6]; [@bib8]; [@bib16]). The fundamental understanding of the underlying relationship between lignin structure and carbon fiber property will allow the new renewable material design from biomass and other biological sources.

Fourth, from the agricultural practice perspective, the research also has significant implications. As shown in [Figure S2](#mmc1){ref-type="supplementary-material"}, sorghum lignin uniformity is heavily impacted by the growth location. Likewise, other crop and bioenergy feedstocks could have similar differential biomass characteristics. For example, natural poplar variants ([@bib27]) and engineered switchgrass ([@bib23]) had significant differences in lignin uniformity. It is critical to identify the impacts of environmental factors like soil nutrition, water content, rainfall, and temperature and agricultural practices like tillage, fertilization, and harvesting on biomass characteristics, so that a stable supply chain can be established to manufacture quality carbon fiber from biomass. Moreover, producing high-value materials like carbon fiber using agricultural residues and biorefinery waste could significantly improve the economic return, reduce the CO~2~ footprint, promote rural economy, and provide sustainable solutions for emerging societal challenges in environment and energy, all of which could profoundly transform the bioeconomy.

In summary, the molecular uniformity of lignin polymer in sorghum was revealed as a critical determinant defining the quality of the resultant lignin-based carbon fibers. The study indicated that further research to design feedstock, improve agricultural practice, control environmental factors, and reconfigure biomass processing will be needed to manufacture value-added lignin materials from lignocellulosic biorefinery ([Figure 5](#fig5){ref-type="fig"}). The mechanistical studies on how feedstock designing can change the polymer structure of plant cell wall components (feedstock-structure relationship) and how the changed polymer structure can advance both lignocellulosic biorefinery and biomaterial manufacturing (structure-property relationship) are still quite open. The finding of lignin uniformity formed in the cell walls of sorghum variants and its determination on lignin carbon fiber performance can also inform the regulation of other plant cell wall polymers like cellulose and hemicellulose toward their functional applications ([Figure 5](#fig5){ref-type="fig"}). All these future advancements could open a novel avenue to transform the whole bioeconomy.Figure 5Illustration of a New Avenue to Transform Current Lignocellulosic Biorefinery and Advanced Manufacturing by Regulating Polymer Structures of Plant Cell Wall ComponentsFeedstock-structure relationship is to reveal how feedstock developments, agricultural practices, and environment factors could regulate polymer structure and enable plant cell wall design; structure-property relationship can inform the reconfiguration of biomass processing for integrated biorefinery and advanced manufacturing for bioeconomy. These future advancements for the research field can expand from lignin uniformity as highlighted in this research to other novel lignin characteristics as well as other plant cell polymers like cellulose and hemicellulose.

Limitations of the Study {#sec3.1}
------------------------

We revealed lignin uniformity as the key biomass structural characteristic defining the pre-graphitic turbostratic carbon structure and mechanical performances of sorghum-derived lignin-based carbon fibers. The study might need more evidences such as different biomass to further prove the discovery. Mechanistic understanding of how lignin uniformity is controlled in biomass still awaits elucidation, representing another limitation of the study. Current mechanical performances of our carbon fibers are still low. Their further improvements by integrating other technologies (such as graphitization and post treatment) are needed to make these renewable carbon fibers implementable in industry.
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